BACKGROUND. The measurement of the total nasal resistance by rhinomanometry is of special interest in the functional
INTRODUCTION
For the determination of the nasal airway resistance as a diagnostic method -in particular before functional nasal surgery -active anterior rhinomanometry with separate measurements of both sides is the method of first choice, because the surgeon is interested in detailed information about the surgical field. However, the determination of total nasal airway resistance by rhinomanometry gets an increasing interest within the clinical rhinology as well as in the framework of sleep medicine and for the evaluation of drugs effective to improve nasal obstruction. In children, the determination of the total nasal resistance is used for the evaluation of the nasal obstruction due to adenoid hypertrophy 1 . It is possible to perform nasal provocation tests as unilateral tests, as well as by measuring the total nasal resistance. Furthermore, it is possible by subsequent anterior and posterior rhinomanometry to determine the partial resistance of the nasopharyngeal and retropharyngeal space. The information about the total nasal airway resistance is also of interest, if asymmetric breathing through the nose is not the primary target, but the possible impairment of nasal breathing within the function of the entire upper airway.
In a recent paper, Merkle et al. 2 published a review of reference intervals after averaging the results of 62 studies from 1979 to 2013 in different races for the "normal" noses. As a conclusion, it was stated that it would be desirable to have statistically representative data as a basement for the respective comparisons.
The paper reports meticulously about resistance measurements at a pressure of 150Pa, 100Pa or 75Pa. Finally, reference intervals for these parameters are given. The investigated parameters are 1-point-measurements, by which estimations of the energetic of the nasal airway are deducted, which are not anymore acceptable by physical and mathematical reasons.
Under the auspices of quality management of diagnostic in rhinology, such estimations have to be replaced by reliable measured parameters 3, 4 . The basic principles of 4-phase-rhinomanometry are not only the resolution of the nasal breath in an ascending and descending inspiratory and expiratory part, but also the introduction of correct parameters with high diagnostic power. Such parameters are Effective Resistance (Reff) and Vertex Resistance (VR). These parameters, after logarithmic transformation (LReff, LVR), are statistically correlated with the subjective feeling of obstruction as obtained by a VAS-scale 3 . The term "effective resistance" was deducted from electro engineering and means the integrated resistance measured about the entire length of a nasal breath or its inspiratory or expiratory part. "Vertex Resistance" is measured at the top of the breathing wave, where the timedependent curves for the narino-choanal pressure difference and for the nasal flow are parallel. This point is the only one of the breathing cycle, where the calculation of a resistance as a linear quotient of pressure and flow is correct.
In previous papers 3, 4 , the derivation of those parameters and the errors of the "classic" rhinomanometry are repeatedly described, as well as the results of a retrospective multicentric analysis of 36,563 unilateral measurements by 4-phase-rhinomanometry with a following clinical classification of obstruction. This analysis is now followed by the evaluation of the statistical results and classification of representative data for the total nasal resistance.
Numeric information of the total nasal airway resistance can be obtained in 2 different ways:
1. Active posterior rhinomanometry. The difference to the active anterior rhinomanometry is given by the intraoral fixation of the pressure measurement tube by the lips for measuring the pressure difference between the nasopharynx and the mask. These measurements include also the resistance of the space between choanae and the lower end of the soft palate, i.e. the nasopharynx. The aim of this paper was to investigate the differences in measurement results for the total nasal resistance obtained by posterior and anterior rhinomanometry and to present a clinical classification of the total nasal resistance in a clinical representative material. Following our retrospective analysis of 20,069 measurements without treatment and 16,494 measurements after decongestion by xylometazoline for the active anterior rhinomanometry in unilateral measurements by 4 -phase-rhinomanometry (4PR), the calculated classified resistances for the total nasal resistance shall be presented with correct parameters, which are correlated to the subjective sensation of nasal obstruction.
Because of the methodical differences to determine the total nasal resistance, it was necessary to compare these methods before in a minor preparatory study.
MATERIAL AND METHODS
All measurements have been carried out by using the 4PR-rhinomanometer models HRR3 or 4RHINO (Rhinolab GmbH, Germany) with software 3.57, 4.31 or 5.01. The software of this system is WINDOWSbased and the format of the data stored in the databases is identical since 1999. The following details are important for providing exact measurements and reproducible results:
1. The calibration of the device was controlled in predetermined distances; the calibration of all instruments was correct before the beginning and after the end of the studies. 2. For the coupling of the pressure tube to the nose in active anterior rhinomanometry (AAR), the "tape method" has been applied exclusively. The use of any prefabricated coupling element is forbidden in the participating departments. The elastic tape Microfoam (3M) was used. In the introductory study for the measurement of the intraoral differential pressure, a 4x6 mm silicone tube was used. The parameters evaluated in both parts of the study are presented in the following table (Table 1) .
The definition and derivation of all parameters is extensively described in our previous publications 3, 4 . For the calculation of the total resistance from the resistances of both nasal sides measured by AAR, the formula for parallel resistors above was applied.
Part 1: Evaluation of differences between posterior and anterior rhinomanometry for the determination of the total nasal resistance
Material and methods: In 32 volunteers (17 male, 15 female, age 20 -74 years) without complaints or clinical signs of an obstructive nasal disease, an active anterior rhinomanometry (AAR) was carried out, followed by posterior rhinomanometry (APR). The measurements have been repeated as decongestion test 10 minutes after application of 0.1% xylometazoline spray. 2 patients had to be excluded from the study because they have not been able to keep the tongue relaxed for APR.
Results: In Table 2 and Figure 1 the results for the resistance values of "classic rhinomanometry" are listed. As expected, clear differences can be seen between the 4 breathing phases, corresponding to the previous results of measurements of one side. These values are noted here only to allow comparisons with references 2 and to point out the importance of the 4 phases of the breathing cycle.
It is visible that the resistances in phase 2 and 3 are significantly higher than in phase 1 and 4, which is more apparent in untreated noses. The number of valid measurements was reduced because some volunteers did not reach the pressure level of 150Pa. It is clearly visible that the measured resistances by APR are statistically higher than the resistances by AAR. That can be underlined by considering the flow sum measured either in both sides or by APR ( Figure 2 ): the measured total nasal airflow is clearly lower than the flow sum of both sides by unilateral measurements.
The results for the 4PR specific parameters are summarized in Table 3 and visualized in Figure 3 .
As a main result, there are only marginal differences between VRin, VRex, Reffin, Reffex and Reff, but the values in APR are significantly higher in APR before decongestion. Therefore, it is of much higher Figure 3 The results for the 4PR specific parameters clinical interest to see the intraindividual differences for the total nasal resistance depending on the measurement methods. Figure 4 clearly shows such differences, which may appear in patients or volunteers even without pathological symptoms or findings.
Part 2: Clinical classification of obstruction by determination of total nasal resistance
Material and methods: The rhinomanometric databases of 5 different German ENT-hospitals 1-5 using 4-phase-rhinomanometry for more than 5 years have been analyzed in this study. 3 departments deal with general otorhinolaryngology, 2 hospitals deal with facial-plastic surgery. The range of age was 14-82 years. In 20,069 untreated nasal sides, active anterior rhinomanometry was carried out. 16,494 measurements were subsequently followed by a decongestion test with xylometazoline 0.1% spray and a second measurement 10 minutes later. The total nasal resistance could be calculated in 10,033 of these patients, furthermore in 8,246 patients after decongestion. The results have been classified by 20% percentiles. The main statistical results for the single classes and for the entire cohort obtained from the measured values as well as after logarithmic transformation of the 4PR-specific values are given in Table 4 . The analyzed logarithmic values have been calculated as decadic logarithms of the 10-fold measured value to avoid negative logarithmic results for better handling in clinical routine 2, 3 . Example: LVRin = log (10* VRin). Because the resistances at 150Pa are noted in this paper only for the comparison with references, they have not been logarithmically transformed.
Results: The numeric results of the statistical evaluation are summarized in Table 4 . Figure 4 Intraindividual differences for the total nasal resistance depending on the measurement methods Typical distributions in measured values and after logarithmic transformation are demonstrated in Figure 5 by histograms for Reff and LReff. Histograms and parameters of all classes, as well as of the non-classified material, show a uniform pattern. While the non-logarithmic values are shifted to the left side, logarithmic values are approximately normally (Gauss) distributed, which has been already found in our previous analysis of unilateral measurements. The distributions of the logarithmic vertex resistances (LVRin, LVRex) and the logarithmic effective resistances (LReffex, LReffex, LReff) are very similar.
It should be mentioned that these differences of distribution -as observed before in unilateral measurements -are present because only logarithmic values are correlated with VAS-scales for the subjective sensing of obstruction following Weber-Fechner´s law 3 . For the total nasal resistance correlations of 4PR-specific parameters with subjective data are not available up to now.
The comparison of the main results of the data analysis of the 4PR-specific parameters show the following results as of practical importance:
1. Vertex resistance (VR) is statistically 5.8 % higher in inspiration than in expiration 2. Effective Resistance is 6.4% higher in inspiration than in expiration. Reff as measured over the entire breath is obviously preferably determined by the inspiration: ReffIn > Reff >ReffEx 3. The total resistance after decongestion is lower, but the differences between the parameters show the same tendency. That involves for the clinical classification of nasal obstruction an acceptable approximation to use the classification for LReff as well for ReffIn, LReffEx, VRin and VRex. The effective resistance (Reff) and the logarithmic effective resistance (LReff) are the most important parameters, because they are measured parameters representing the integrated nasal resistance within an entire average breath. The remaining parameters can be considered as supplementary diagnostic information, if the curve parts in different breathing phases are diverging (loops, "valve phenomena") or if there are severe curve differences between inspiration and expiration observed. Differences between inspiration and expiration are not only caused by a movable nasal entrance due to the measurement process, but also by different conditions of the fluid dynamics of the nose in a reversed air stream ( Figure 6) .
Histograms of the logarithmic effective resistance with marked classes as 20% percentiles of 10,033 measurements of untreated noses and 8,246 measurements after decongestion with 0.1% xylometazoline spray are depicted in Figure 7 . 
Figure 7
The logarithmic effective resistance with marked classes as 20% percentiles
Following the results above and including the results for unilateral measurements, a clinical classification for the nasal obstruction measured by 4-phaserhinomanometry results (Table 5) .
A result of clinical interest may be also the comparison of the unilateral and total resistance (Reff) before and after decongestion (Table 6 ). That shows that the total resistance can be roughly estimated as one third lower than the unilateral resistance.
DISCUSSIONS
Similar investigations as in the pre-study of part 1 have been carried out already by Shelton and Eiser 5 , who did not find a statistic difference between posterior and anterior measurements of total resistance. The range of their resistance values was comparable to the classes of this publication and they confirmed that measurements by AAR are better reproducible than by APR. Jones, Lancer et al. 6 found 16% higher values for measurements with posterior rhinomanometry; the small number of results is in agreement with the results above. In summary, by the preparatory study it is proved that the measurement of total nasal resistance by determination of the unilateral resistance in both sides and subsequent calculation has to be preferred, because posterior rhinomanometry generally is less reliable due to potential technical failures. It should be used in addition to anterior measurements, if the influence of the retropalatal space is of clinical interest.
The here-presented material allows for the first time a classification of the nasal obstruction by 4-phase -rhinomanometry in a statistically representative material using parameters which are obtained from technically correct measurements carried out with an identical technique in all investigating units and using physically and mathematically correct parameters with a correlation to the patients sensing of obstruction. The aim of this work is to define not only healthy persons by determination of so-called "normal values" or "reference intervals", but also to enable a surgeon to classify the degree of obstruction of a patient by comparing the individual result with a statistic representative population because of the possible consequences for the following necessary treatment and also for medico-legal reasons. Moore and Eccles 7 mentioned in their review the necessity to differentiate between the mucosal and skeletal resistance, because the mucosa is subject to the well-known influence of the circadian rhythm or nasal cycle, as well the influences of allergens and environment. Therefore, the values after decongestion tests are documented here too. The influence of growth and anthropometric parameters is a matter of our ongoing work, while the documentation of ethnic differences needs the international cooperation based on a common standard.
Because these parameters are still widely used, the values for the resistance at 150 Pa have to be compared with the results of the meta-analysis by Merkle et al. 2 from 62 studies published from 1979 -2013. The study was carried out to obtain reference intervals for the "normal total airflow resistance" without considering the 4 phases of the breathing cycle. The only parameter analyzed was the resistance at a given differential pressure. Obviously, most of the publications used a reference pressure of 150 Pa. Publications using a pressure of 75Pa or the Broms method have been included. The published range for reference intervals of 0.12 -0.38 Pa/cm³/s with a mean of 0.25 Pa/cm³/s for untreated noses, as well as the interval of 0.10 -0.27 Pa/cm³/s for decongested noses is comparable with the class 1 -3 in the classification of our clinical material. Only one of the studies, which was included in the meta-analysis (Kim et al.), presented statistically representative numbers of measurements, but, due to the ethnic differences between Asian and Caucasian noses, a comparison with the here-presented material is not possible.
The clear results of the here-presented analysis raise again the discussion about the parameters of the so-called "classic rhinomanometry" 8 . The following facts are strict arguments against the further use of these obsolete methods as taken over from historical graphical procedures used before the introduction of computerized rhinomanometry and later recommended by the ISOANA in 1984:
1. The measurement of the flow or the calculation of a resistance in 150 Pa is a measurement in an accelerating or decelerating phase of the breathing cycle. In "classic" rhinomanometry the point of its determination is not defined. Measurements in the ascending or descending, expiratory or inspiratory phases show significant differences. A simple look on time-related breathing curves shows these important differences clearly and instantly. 2. It was recommended and is popular to replace a measurement of the resistance in 150Pa by a measurement in 75Pa differential pressure, if the pressure level cannot be reached by the patient. As long as the flow values are compared, such a comparison is correct. To compare the resistances in 150Pa and 75Pa is physically nonsense, because the resistance depends on the different acceleration in the 4 breathing phases. The only one point with a linear relation between pressure and flow is the vertex of the curve in inspiration and expiration. 3. Not any measurement results of 1-point-measurements (including the "resistometry") are correlated with the sensing of obstruction, as it was shown in many publications dealing with this subject 8 because their statistical distribution is not related to the logarithmic scale of sensing (Weber-Fechner´s law). The systematic review about the highest level of evidence of a correlation between subjective and objective evaluation of the upper airway as given by André, Vuyk at al. 8 in 2009 could not refer to 4-phase-rhinomanometry because at this time statistically relevant logarithmic data have not been available. Savovic et al. 9 found recently a correlation between subjective obstruction and rhinomanometric results if the degree of obstruction increases -one more hint for the relation to the logarithmic scale of sensing. In summary, misleading and unfounded statements as they have been recently given by Clement et al. 10 and Wong and Eccles 11 have to be rejected because they barricade the way of a meaningful development of nasal airway function tests. Under the auspices of Evidence Based Medicine it is not thinkable to use erroneous parameters in basic diagnostics.
The necessity to apply up to 5 parameters in 4 -phase -rhinomanometry instead of 1 parameter in "classic" rhinomanometry" needs an interpretation. Measurable differences between the determined parameters in the same patient change the diagnostic algorithm: The rhinomanometric investigation is complete if the differences of inspiratory and expiratory values for effective and vertex resistance do not exceed the range of one class. In this case, LReff is the leading and sufficient parameter. If the effective resistance and the vertex resistance in inspiration are clearly higher as in expiration without loops appearing in the graph, the cause is very likely a rigid obstacle changing the shape of the nasal airstream after reversing the flow direction. In cases of differences between the inspiratory effective resistance and vertex resistance, the graphs show loops preferably in inspiration as signs of effective valve phenomena 3 . In this case, a second rhinomanometric test with forced inspiration leads to more information about the influence of the valve.
CONCLUSIONS
The last decades of development of informatics and sensor techniques have shown that it is possible to develop measurement systems and software for easy practical use. The here-presented parameters for measuring the resistance of the nasal airway and the classification of the obstruction from a statistically representative material can be recommended for the daily practice in rhinology and rhinosurgery. An extension and storage of similar databases for public access, first with regard to nasal breathing in different ages and ethnic groups, should be a matter of an already started international cooperation.
